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Electron microscopySindbis Virus (SV), the prototype alphavirus in the family togaviridae, infects both mammalian and insect
cells. The ability of SV to infect cells possessing signiﬁcantly different biochemical environments suggests that
there may be a common mode of entry into each cell type. Previous studies show that up to 4 h post infection
cells are permeable to small ions and alpha sarcin suggesting that the plasma membrane is compromised as
infection takes place. Thin-section electron microscopy has also shown SV to bind to the plasma membrane
and lose its electron dense core through a pore like structure developed upon interaction of the virus with the
cell surface. Using freeze-fracture replicas, thin-sections and antibody labeling the data presented herein
show virus associated with intramembrane particles on mosquito cells. These data suggest that the
intramembrane particles associated with SVmay be part of the pore structure consisting of virus proteins and
cell receptor.State University, Raleigh, NC
n).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The structure and function of Sindbis Virus (SV) have been studied
extensively. Currently, there is a cryo-reconstruction of the virus
showing the T=4 organization of the outer glycoprotein shell, and its
tight interactionwith the inner capsid protein shell that surrounds the
RNA core (Paredes et al., 1993). Two glycoproteins, E1 and E2, make
up the outer protein shell. The inner shell is made of only capsid (C)
protein and the geometry of the inner shell determines the structure
of the mature infectious virus particle (Ferreira et al., 2003). E1, E2
and C are present in the mature virus particle in a 1:1:1 stoichiometric
ratio. The lipid contained in SV is derived from the host plasma
membrane (Hafer et al., 2009). SV envelopment occurs as the
nucleocapsid associates with the trimers of heterodimers of glyco-
proteins E1 and E2 at the cell surface and organizes the membrane
associated glycoproteins around the nucleocapsid incorporating the
host membrane into the mature virion.
Virus entry into animal cells is proposed to occur by three possible
mechanisms. In one model the virion is taken up by endocytosis and
subsequent acidiﬁcation of the endosome results in fusion of the virus
membrane with the cell membrane releasing the virus genome into
the cell cytoplasm (Lakadamyali et al., 2004; Pelkmans and Helenius,
2003; Perez and Carrasco, 1994; Sieczkarski and Whittaker, 2002). In
a second mechanism fusion occurs at the cell surface facilitated by
interaction with a cell receptor (Akhtar and Shukla, 2009; Lehmann etal., 2005; Melikyan, 2008). A third mechanism proposes that the virus
genome is delivered through a pore in the cell membrane created by
virus and cellular proteins (Belnap et al., 2000; Hogle, 2002; Ivanovic
et al., 2008; Paredes et al., 2004). There is evidence that supports an
endocytosis pathway for the entry of alphaviruses (DeTulleo and
Kirchhausen, 1998; Kielian and Jungerwirth, 1990; Kielian et al.,
1986). There is also evidence that supports an alternative mechanism
for the entry of alphaviruses which does not invoke endocytosis or
exposure to an acidic environment (Edwards and Brown, 1991;
Paredes et al., 2004; Wang et al., 2007). This latter model is supported
by direct observation of virus–cell interaction by electron microscopy
(Paredes et al., 2004).
Alphaviruses have been shown to infect cells in culture that come
from a variety of insect and vertebrate sources. The identity of SV
receptor(s) remains elusive despite many claims of identiﬁcation.
These include the major histocompatibility receptor (Helenius et al.,
1978; Maassen and Terhorst, 1981; Oldstone et al., 1980), the major
laminin receptor (Wang et al., 1992), DC sign, L sign (Klimstra et al.,
2003), heparan sulfate (Klimstra et al., 1998), the Heat Shock 70
protein (Ren et al., 2007) and an unidentiﬁed 110 kDa nerve cell
associated protein (Ubol and Grifﬁn, 1991). It is possible that the virus
associates non-speciﬁcally with various co-receptor proteins before
ﬁnding and binding to its speciﬁc receptor or receptor complex.
On the assumption that the alphaviruses might employ a common
receptor for entry into all cell types, and that lowpH is required,wehave
examined the role that V-type H+-ATPase (V-ATPase), a ubiquitous cell
surface protein, may play in virus infection. Baﬁlomycin A1 has been
shown to inhibit the activity of V-ATPase in both insect and vertebrate
cells at nanomolar concentrations (Bowman et al., 2006; Hanada et al.,
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shown that this drug does not prevent the passage of virus RNA from the
virus into the cell cytoplasm (Hunt et al., 2011). This does not rule out
the possibility that V-ATPase is part of the receptor complex. Based on
the recent data collected on the binding of BafA1 and similar inhibitors,
the inactivation of the V-ATPase does not suggest that it would interfere
with virus protein interaction since the target of BafA1 is the V0 subunit
in the membrane and no gross conformational change seems to occur
upon binding (Huss and Wieczorek, 2009). Previous methods that
analyze the successful entry of alphaviruses into cells in the presence of
inhibitors of endocytosis or endosome acidiﬁcation were based on
secondary reporters. These reporters determined that infection had
occurred byeither synthesis of viral RNA, virusprotein synthesis or virus
production (DeTulleo and Kirchhausen, 1998; Glomb-Reinmund and
Kielian, 1998; Kielian et al., 1984; Perez and Carrasco, 1994). The
problem with these assays is the number of steps between the
attachment of the virus and RNA, protein or virus production. Each
step in the establishment of infection had the potential to be inhibited,
and as a result, the assay could report a false negative for infection. It has
also been shown that some of these inhibitors have secondary effects on
the infection process unrelated to penetration (Hernandez et al., 2001;
Hunt et al., 2011). Even more important, some of the techniques used
previously did not differentiate between infection and internalization of
noninfectious particles. This problem of relative infectivity of virus
employed in such studies has been overcome by the production of virus
preparationshaving aparticle toplaque formingunit (PFU)of nearunity
(Hernandez et al., 2003; Paredes et al., 2004).
Because of its ability to examine themorphology of cell membranes,
freeze-fracture of cellswith adsorbedSVmayhelpdissect the interaction
between the cell proteins and viral proteins in the initial steps of binding
and infection. Freeze-fracture is a technique that gainedpopularity in the
1970s because of its ability to reveal the structure ofmembrane surfaces
and interiors. Since its inception (Steere, 1957, 1989), the use of freeze-
fracture in virology has diminished greatly, though it has continued in
the analysis of lipid solutions (Gao et al., 2008), and high-order protein
complexes in plasmamembranes (Fujimoto, 1997; Nicchia et al., 2010).
During the peak use of this technique numerous viruses were examined
by freeze-fracture both in a puriﬁed form and in cell culture; these
viruses include tobaccomosaic virus (TMV), poxvirusandothers (Brown
and Riedel, 1977; Steere, 1989).
Freeze fracture has been successfully used to study the organiza-
tion of proteins in the capsid of SV and bacteriophages (Brown et al.,
1972a, 1975; Lundstrom et al., 1979). It has also been used to study
the envelopment of SV, mouse mammary tumor virus (MTV), Herpes
Simplex Virus (HSV), vesicular stomatitis virus (VSV) and other
membrane containing viruses (Brown and Riedel, 1977; Gliedman et
al., 1975; Hung et al., 1980; Torrisi et al., 1992; Wild et al., 2009).
Alphavirus capsid conformations and envelopment processes were
also successfully examined by freeze-fracture (Brown et al., 1972b;
Gliedman et al., 1975; Torrisi and Bonatti, 1985; Waite et al., 1972).
With the introduction of colloidal gold cytochemistry in the early
1980s, attempts at combining gold labeling and freeze fracture
replication were made to bestow compositional information onto
the structural information of the replica. Since then, many freeze-
fracture techniques have taken advantage of gold labeling. One of the
most successful techniques is FRIL, or freeze-fracture replica immu-
nolabeling, which uses a detergent, typically SDS, to remove most of
the biological sample from the replica leaving only the leaﬂet and the
proteins attached to the replica or cross-linked to membrane lipids/
proteins free for labeling (Fujimoto, 1995, 1997). These advancements
in cytochemical labeling give freeze-fracture a new role in the
identiﬁcation of cell membrane components by electron microscopy.
For a review of current cytochemical techniques in freeze-fracture
electron microscopy see Severs and Robenek (2008).
In this study we have used the freeze fracture technique together
with immunogold labeling to examine the interaction of SV with cellmembranes and to determine association of the virus with any
interior membrane structures. The V-ATPase which is ubiquitous in
cell plasma membranes has a morphology described by freeze-
fracture (Ratajczak, 2000). If SV associates with this protein complex
it should be visualized by this procedure. We have also found a way to
purify the HR strain of Sindbis Virus such that its particle to PFU ratio
is near unity (Hernandez et al., 2003). This makes studies involving
direct morphological observation of virus cell interaction such as we
have published previously (Paredes et al., 2004) meaningful.
Results
Freeze-fracture immunolabeling (FRIL)
Freeze-fracture immunolabeling consists of ﬁve steps: 1) rapid
freezing of the sample; 2) fracturing of the sample at near liquid
nitrogen temperatures; 3) replicating the fractured surface with
platinum/carbon (Pt/C) shadowing and carbon support; 4) cleaning
the organic material (contaminant) with a detergent, usually SDS; and
5) labeling the remaining material that is attached to the replica with
antigen speciﬁc antibodies. Rapid freezing of the specimen is necessary
to prevent ice crystal formation (vitriﬁcation) (Fig. 1A). The addition of a
cryoprotectant, usually glycerol, can be used if initial freezing seems too
slow and alternative freezing methods are unavailable. Fracturing the
sample results in a fracture plane that follows a path of least resistance
through the frozen cells; this tends to be the center of lipid bilayers as
these are free of water (Fig. 1B). The splitting of the lipid bilayer results
in two faces, the extracellular, or E-face and the periplasmic or
cytoplasmic face called the P-face (Fig. 1C). The resulting faces are
shadowed with 1–2 nm of Pt/C at an angle near 45° and then the metal
shadow (Fig. 1D) is supported by a layer of carbon 12–15 nm thick
(Fig. 1E). To avoid artiﬁcial changes of intramembrane particle (IMP)
measurements due to different amounts of Pt/C deposited, the same
amount of Pt/C was deposited onto each sample (~1.1 nm). Once
replicated, the sample can be brought to room temperature and cleaned
to remove the biological material, which is now a contaminant on the
replica (Fig. 1E). Once cleaned sufﬁciently, the exposed antigens that are
bound to the replica can be labeled and resolved in an electron
microscope with antibody conjugated to colloidal gold beads (Fig. 1F).
The resulting replica contains both structural and compositional
information. In this study the observed face is identiﬁed by curvature,
where concave is the E-face and convex is the P-face. The size and
distribution of IMPs also identify the face observed. For the P-face, there
are signiﬁcantly more small IMPs, ~610/μm2 vs 150/μm2 on the E-face.
The P-face also has fewer large IMPs (~65/um2 vs 260/um2) as seen in
Fig. 2C. The E-face has the opposite features, where there aremore large
IMPs and fewer to no small IMPs (Fig. 2D). Small IMPs are any that are
b8 nm inwidth,whereas large IMPs are any that are≥8 nm. This cut-off
was determined by examining the segregation of IMPs to each face and
determining the size of IMPs that were primarily on the E-face.
Electron microscopy of mosquito cell–virus complexes
In this study, we used mosquito cells that grow in suspension. The
beneﬁt of suspension cells includes; simple dilution of cells into
concentrated virus to increase the MOI; easy ﬁxation and removal of
biological contaminants without cross-linking neighboring cells, as
occurs in amonolayer; recovery of cells without scraping or using lifting
buffers that might interfere with virus–cell interactions; smaller
diameter and thus greater curvature for easier recognition of E- and
P-faces; and ﬁnally an even distribution of virus particles across the
entire plasma membrane. Initial attempts to analyze mammalian cells
for virus structure were not fruitful due to monolayer cross-linking and
the complexity of the cell membrane compared to mosquito cells.
Mammalian cell membranes, when ﬁxed in glutaraldehyde, create a
signiﬁcant number of caveolae that occlude and distort any structural
Fig. 1. Schematic illustration of the freeze-fracture immune-labeling technique. Cell suspension samples are frozen (A) and fractured by hitting them with a cold microtome knife
(B). The fracturing exposes fracture faces E and P for the extracellular leaﬂet and cytosolic leaﬂet respectively (C). Replicas are created by shadowing a small amount of Pt/C (1 nm)
(arrow) on the fractured surface at 45° and supporting the shadow with a relatively thick layer of carbon (12–15 nm) (arrow in E) (D). The resulting replica is cleaned gently with
SDS to remove all of the cellular components except for those immediately attached to the replica (E). Molecules still attached can be labeled with antibodies conjugated to colloidal
gold beads (F). These gold beads are clearly seen against the replica and can describe the composition of structures seen with the replica.
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The artiﬁcially created caveolae are nearly the same size as virus
particles and as a result add an additional level of complexity to the
membrane morphology that is undesirable. Cholesterol is the primary
component of these caveolae (Parat, 2009; Sharma et al., 2010) and
therefore moving to a naturally cholesterol deﬁcient cell line (Hafer et
al., 2009) eliminates the artiﬁcial structures created during the
necessary ﬁxing and glycerin addition.
We have previously shown by thin section analysis that at 4 °C
4–6% of attached particles lost their RNA core indicating that entry
had taken place while at room temperature 26–30% became empty
(Paredes et al., 2004). Thus incubation of samples at 4 °C and room
temperature allows us to examine virus adsorption with and without
endocytosis (Wang et al., 2007) thus controlling the amount of virus
that penetrates the cell membrane. Comparing the room temperature
and low temperature conditions may allow us to determine changes
in structure related to loss of RNA during entry.
Freeze-fracture replica labeling of SV
Replicas of uninfected cells did not bind virus antibody (data not
shown). Samples without primary antibody were negative for
secondary labeling. Labeling of cells with attached virus was primarily
limited to discrete locations on the cell surface (Figs. 4A–D)
suggesting that fusion had not occurred, as labeling would be
distributed across the membrane as described previously (Paredes
et al., 2004) and in Fig. 3. U4.4 cells that had adsorbed virus at 4 °C
were positive for virus proteins on the extracellular side of the E-face
of the plasma membrane (Figs. 4A–D). Replicas from samples
adsorbed with SV at room temperature (Figs. 4A and B) also had
labeling of virus proteins on the E-face similar to the labeled virusproteins in the low temperature samples (Figs. 4C and D). The gold
conjugated antibodies were organized in circles outlining the shape of
the attached virion. Many were seen to have an intramembrane
particle in the center of the circle (Fig. 4D). These outlined virus
particles show adsorbed virus on themembrane that is cross-linked to
its receptor.
Non-speciﬁc interactions were easily determined using stereo
pairs to examine the face onwhich the labeling occurred (Fig. 5).With
stereo images, the side on which the labeling occurs can be
determined. Since the replica covers any antigenic sites on one side
of the replica, any labeling that occurs on this side of the replica is
non-speciﬁc labeling. Approximately 90% of the labeled virus proteins
were found near IMPs of approximately 8–10 nm (Fig. 4). Near is
deﬁned as an IMP in or on the circle of antibodies labeling SV. The
number of IMPs of this size is frequent as the density of large IMPs on
the E-face is ~260/μm2. Assuming an even distribution, this result
equates to roughly one IMP for every virus particle area (~3800 nm2),
however the uneven distribution of the IMPs on the replica reduces
the number of IMPs per virus area to less than one giving the
possibility of labeling an entire virus particle outside of IMP. Virus
labeling also formed chained circles suggesting that multiple virus
particles were clumped together before or after adsorption onto the
cell (Fig. 4B); this was seen infrequently.
The use of a high MOI ensures that the receptors on the mosquito
cells have been fully saturated. However the number of virus receptors
may be limited and virus that is simply “stuck” to the cell may not bind
tightly enough to remain attached after the virus cell complexes are
processed for theEM. Thus the fact that only a fewvirus particles are seen
is either a testament to the speciﬁcity of the binding of the virus to its
receptor, the large surface area of the suspended cells and/or a function
of removing non-speciﬁc interactions by spinning and resuspending the
Fig. 2. Freeze fracture replica of mammalian and insect cell plasma membranes. (A) Mammalian cell replicas show large numbers of caveolae (arrows) when treated with
glutaraldehyde and glycerin. (B) The insect cell membranes are free of caveolae, smooth and show curvature. (C and D enlarged from B) Replicas of mosquito cells show segregation
of small IMPs to the P-face, while only larger IMPs were seen on the E-face. See text for distribution and quantiﬁcation of IMP. Magniﬁcation bars are 100 nm.
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nosigniﬁcant differencebetweenvirus structures associatedwith cells at
4 °C or room temperature. This may result from the loss of structural
stability in particles which have lost their RNA. This is evident in our
previous thin section study of Sindbis cell interaction (Paredes et al.,
2004). These weakened particles may be preferentially removed from
the replica during cleaning in hot detergent. The particle to PFU ratio of
the virus used in this study is less than 2, suggesting that at least half of
the virus particles visualized are infectious. The data presented here is
therefore more likely to represent the actual infection mechanism as
opposed to the noninfectious virus–cell interactions that dominate with
virus preparations having higher particle/PFU ratios. The conclusion we
have reached here and in our other studies (Paredes et al., 2004; Hunt
et al., 2011) is in contrast to conclusions presented in other studies,
where the particle/PFU ratio is high or not determined (Bernard et al.,
2010; Helenius et al., 1980; Kielian andHelenius, 1984;Marsh and Bron,Fig. 3. Thin-section of SV fused to BHK cells by brief exposure to low pH environment. Baby
returned to pH 7.4 to induce virus–cell membrane fusion. The cells were subsequently la
uniformly on the cell surface indicating that fusion has taken place. Antibody is rabbit anti-1997; Marsh et al., 1982; Phalen and Kielian, 1991; Talbot and Vance,
1980, 1982).
Freeze-fracture replica labeling of the V-type H+-ATPase
Replicas labeled for the C1 subunit of the V-ATPase had gold beads
associated with IMPs that were approximately 8–10 nm in diameter
(Fig. 6A). This is consistent with the cryo-reconstruction of the
V-ATPase seen previously (Muench et al., 2009) as discussed below.
Since the pump is ubiquitous in the cell, normal concentrations of
antibody against the V-ATPase complex resulted in a high degree
of labeling that obscured the virus structures labeled. By reducing
the concentration of the antibody signiﬁcantly, and extending the
hours of incubation for labeling, wewere able to better distinguish the
IMPs that were the proton pump (Fig. 6A). In an attempt to better
visualize the association of virus with the V-ATPase we conducted anhamster kidney cells with adsorbed virus at pH 7.4, were exposed to pH 5.3, and then
beled with antibody with bound colloidal gold beads. The gold beads are distributed
whole virus, as used in Paredes et al.(2004). Magniﬁcation bar is 100 nm.
Fig. 4. Freeze fracture replicas of insect cell plasma membranes with attached Sindbis Virus. (A and B) SV adsorbed onto mosquito cells at room temperature labeled with 6 and
12 nm colloidal gold beads against SV proteins respectively. (C and D) Replicas of SV adsorbed ontomosquito cells at 4 °C labeled with 6 nm colloidal gold beads. Many virus particles
are associated with the intramembrane particles. All magniﬁcation bars are 100 nm and all panels are E-face replicas.
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were labeled with goat anti-V-ATPase antibody followed by anti-goat
IgG conjugated to 12 nm gold beads and with rabbit anti-Sindbis IgG
followed by anti-rabbit IgG conjugated to 6 nm gold beads. A result is
shown in Fig. 6B. The labeled virus particle is associated with a place
on the cell membrane that was labeled with the anti-V-ATPase
antibody. Attempting to label the replica with both anti-V-ATPase and
SV antibodies is impossible, as the virus particle is located on the outer
surface of the E face and covers and protects the V-ATPase on theFig. 5. A stereo pair image of a freeze fracture replica of insect cell membranes with bound go
on the cell surface (arrows) and speciﬁc binding to a virion located away from the cell surfac
lost structural stability and fallen apart. Magniﬁcation bar is 100 nm.outside surface of the cell while the V-ATPase is embedded in the
opposite side of the E-face and the shadowing and carbon support are
covering that surface preventing antibody binding. As a result, the
only way to associate the two together is to use thin-sections labeling
for both the V-ATPase and SV (Fig. 6). In this experiment the virus was
labeled with antibody linked to 6 nm gold beads. This antibody was
applied before the cells were embedded for thin sectioning and the
completely accessible virus was readily coated with antibody. The
V-ATPase was labeled with antibody bound to 12 nm gold beads afterld bead associated antibodies. The image shows non-speciﬁc binding of some antibodies
e. Smaller groupings of antibody are fragments of particles that have injected their RNA,
Fig. 6. Replica and thin-section labeled for the C subunit of the V-type ATPase. (A) Replica of uninfected mosquito cell plasma membrane labeled for the ATPase showing individual
IMPs labeled as part of the V-type H+-ATPase complex. (B) Thin-section of infected BHK cells labeled for the ATPase visualized with 12 nm gold beads and for whole SV visualized
with 6 nm gold beads. Magniﬁcation bars are 100 nm.
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the plane of the section only exposed the V-ATPase infrequently. We
have attempted to further implicate the V-ATPase as the receptor by
blocking attachment with antibody. This was not possible as all of the
antibodies available were to components of the complex not exposed
on the cell surface. This fact also rendered some of the double labeling
efforts impossible. Despite this pitfall, the data suggest that SV
associates with IMPs that are, or are in part, the V-ATPase when
adsorbed to cells. Additionally, the IMPmay be the proteinaceous pore
between the virion and the cell.
Discussion
Dissecting the interaction between the virus and the cell is
important for understanding conditions required for virus entry.
Thin-sections have been a common and very productive technique for
examining these interactions (Paredes et al., 2004). This technique
has assisted in visualizing the overall mechanism of entry for many
viruses, but there are other methods to examine virus–cell in-
teractions that can add unique and valuable information about the
initial interactions between virus and cell. One such method is freeze-
fracture. Using thin-sections and replicas, we have been able to
further characterize the adsorption of Sindbis Virus onto cells. The
data collected support previous ﬁndings that SV may infect cells by
way of a protein pore complex at the plasma membrane.
Sindbis Virus adsorbed onto mosquito cells shows discrete virus
protein labeling
Replicas of mosquito cells with adsorbed virus show discrete
immune labeling of viral proteins on the cell surface. The implications
of this labeling are that the virus is bound to the cell surface,
presumably by its receptor. As such, the virus has not undergone
endocytosis during adsorption at either room temperature or 4 °C, nor
has it fusedwith anymembrane. Complete fusionwould result in viral
proteins diffused across the membrane as in Fig. 3. This ﬁgure shows
that brieﬂy treating adsorbed virus to a low pH environment and
returning to a neutral pH induce fusion. We have previously shown
that this two step process is required for virus–cell membrane fusion
in contrast to virus fusion with liposomes which takes place only after
exposure to acid pH (Paredes et al., 2004; Edwards and Brown, 1991).
As a result of the fusion, viral proteins are diffused throughout the cell
membrane. Were this sample examined by freeze-fracture and
labeled for viral proteins, the resulting pattern of labeling would be
indiscernible from non-speciﬁc labeling. As for the small patches oflabeled viral proteins observed at room temperature (Fig. 5), they are
inconsistent also with fusion, and are likely the result of virus particles
that have injected their RNA, broken up and the resulting fragments
have adhered to the cell surface before ﬁxation. This hypothesis is
supported by thin-sections published previously that show empty
malformed particles bound to the cell surface indicating that they
have released their RNA into the cell (Paredes et al., 2004). These data
together with data showing that the cell plasma membrane is
compromised to allow the passage of ions and small molecules
strongly suggest that interaction with virus creates a pore in the
plasma membrane that is retained after alphavirus (or ﬂavivirus)
infection (Koschinski et al., 2003, 2005; Madan et al., 2005; Wengler
et al., 2003, 2004). Membrane fusion has been shown to be a non-
leaky process and would not have produced such a result (Smit et al.,
2002).
Labeled viral proteins may associate with V-type H+-ATPase
The labeled virus proteins in the mosquito plasma membrane are
associated with IMPs (Fig. 4). Previous studies (Paredes et al., 2004)
have indicated that the virus receptor complex forms a pore in the
plasma membrane. These IMPs may be part of the SV receptor/pore
complex on U4.4 cells. Labeling of uninfected cell membranes with
anti-V-ATPase, together with labeling of the viral proteins on
adsorbed cells labeled for SV, suggests that many of the particles in
the membrane may be both the ATPase as well as part of the receptor
complex for the virus (Fig. 6). Based on recent cryo-electron
microscopy data of V-ATPase from Manduca sexta, the average
diameter of the catalytic V1 domain is approximately 18 nm, with
the V0 subunit approximately 16 nm wide (Muench et al., 2009).
Ideally, these would be approximately the sizes of the IMP seen for
this protein complex in the divided membrane. It is unclear whether
the fracturing process separates the catalytic domain from the
membrane domain when cross-linked. It may be possible that the
sheer force from the fracture plane would not only separate the two
domains, but also pull some of the subunits from the opposing domain
with it. As a result, a range of particle sizes could all represent parts of
the same V-ATPase complex. Since most of the IMPs were approxi-
mately 8–10 nm in diameter, and the presence of 15 nm or larger
IMPs was not seen for any treatment, it is likely that the domains are
cleaved from each other during fracturing and the remaining IMP is
the decameric ring made of membrane subunit c. This is consistent
with the hypothesis that the V1 and V0 domains are regulated by
dissociation (Cipriano et al., 2008) and that the stalk proteins are
linkers between the domains. Comparing the replica labeled for the
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though the viral proteins are associated with the IMPs of 8–10 nm.
These are consistent with V-ATPase IMPs from previous freeze-
fracture studies (Ratajczak, 2000). This would support the hypothesis
that SV binds to a receptor complex that may include the V-ATPase
prior to entry.
The possibility that Sindbis Virus RNA is delivered directly through
the plasma membrane may be supported by a recent report that
places the Sindbis Virus RNA replication complex at the plasma
membrane (Frolova et al., 2010). A model of this mode of infection is
shown in Fig. 7. If the RNA entered through the plasma membrane as
opposed to entering into the interior of the cell via an endosome
creation of the replication complex at the plasmamembrane would be
logistically easier to assemble.
Collectively these data support and extend previous studies which
propose that Sindbis Virus and by extension alphaviruses may infect
mammalian and insect cells directly at the cell surface. The data show
SV particles engaging the cell at the 5 fold axis (Paredes et al., 2004), a
region which has been found to undergo signiﬁcant structural
reorganization upon exposure to low pH (Paredes et al., 2004). The
pore which is formed is presumed to be proteinaceous because no
lipid mixing is seen. V-ATPase was investigated as a possible receptor
because it is found in all eukaryotes and regulates pH. The present
study places V-ATPase proximal to the imbedded virus particle and
warrants further investigation as a possible SV receptor.
Materials and methods
Cells, media and virus production
Mosquito (U4.4) cells were maintained as described in Hernandez
et al. (2010) at 28 °C with 20% FBS supplemented Mitsuhashi and
Maramorosch (M&M)media. Virus was produced from the cDNA clone
TOTO1101. Virus was harvested from the supernatant of infected C7/10
cells two days post infection and puriﬁed using isopycnic tartrateFig. 7. Schematic of virus attached to the cell surface. Cartoon representation of cross-
linked virus attached to ‘tissue-side’ of E-face replicas. Virus adsorbed onto mosquito
cells remains attached to the replica after SDS treatment. The labeling resulting from
the remaining proteins (see above) suggests the conﬁguration presented. Here, the
virus is bound to its receptor(s) seen as an IMP in freeze-fracture replicas. The E-face
and P-face are labeled to convey which leaﬂet the virus particle is seen. This also shows
the virus particle bound to the exterior surface of the replica to orient the reader to the
virus position with respect to the replica, where the replica is of the inside of the outer
membrane leaﬂet.gradient centrifugation as described in Coombs and Brown (1987).
Puriﬁed virus was stored at 4 °C until needed.
BHK-21 cells were cultured in minimal essential medium (MEM)
supplemented with 10% fetal bovine serum, 5% tryptose phosphate
broth, 2 mM glutamine, 50 μg/mL gentamicin, and 10 mM HEPES
(pH 7.4).
Titration and protein concentration of puriﬁed virus
Titration of puriﬁed virus was done in BHK-21 cells as described in
Hernandez et al. (2010). Brieﬂy, BHK-21 cells were grown in 25 cm2
ﬂasks to 90% conﬂuence for the titration. Dilutions from 1×10−1 to
1×10−14 were made of both stock wild-type and the puriﬁed virus
and kept on ice until used. 200 μL of each dilution was overlayed onto
the monolayers and allowed to adsorb for 1 h at room temperature
followed by removal from the ﬂask and overlay with 2% agarose in 1×
MEM. The ﬂasks were incubated at 37 °C with 5% CO2 for 2 days, after
which cells were stained with 2% neutral red in 1% agarose in 1× PBS-
D until plaques were visible. Virus protein concentration was
determined using the BCA Protein Assay Kit (Pierce Biotechnology,
Rockford, IL).
Virus adsorption and ﬁxation
SV, with a particle/PFU ratio of 2, was adsorbed onto U4.4 cells at
an MOI≥100,000 for 0.5 h at 4 °C or room temperature (26 °C).
Samples were then washed with 1× PBS-D, pelleted by low-speed
centrifugation and ﬁxed with 3% glutaraldehyde in 0.1 M cacodylic
acid buffer. The samples were split in half for thin-sections and freeze
fracture.
Transmission electron microscopy
Thin-sections
Sampleswerewashedwith 0.1 M cacodylic acid buffer three times,
and then ﬁxed in 2% OsO4 for 1 h on ice. Fixed samples were washed
three times in 0.1 M cacodylic buffer, embedded into 1% agarose and
cut into 1 mm cubes. The samples were then pre-stained in 1% uranyl
acetate overnight at 4 °C. Pre-stained samples were washed then
ethanol dehydrated by a series of soaks in increasing percentages of
ethanol. Samples were then inﬁltrated by SPURR compound (LADD
Research Industries, Williston, VT) stepwise from mostly ethanol to
only SPURR. Blocks were trimmed on an LKB NOVA Ultotome and thin
sections were stained with 5% uranyl acetate for 1 h and lead citrate
(pH 12) for 4 min. Samples were examined on a Philips 400T
transmission electron microscope.
Freeze-fracture replication, cleaning and labeling
Samples used for freeze-fracture were treated with glycerin
overnight at 4 °C in 1× PBS-D containing 30% glycerol (v/v). These
samples were pelleted using low-speed centrifugation and the
supernatant was almost completely removed. The remaining cell pellet
was resuspended in the remaining supernatant and frozen on Balzer
gold specimen holders (Leica Microsystems, Bannockburn, IL) by
plunge-freezing into liquid nitrogen cooled ethane in a custom built
plunge-freezer. Samples were stored under liquid nitrogen until
fractured. Samples were fractured in a Cressington CFE-60 (Cressington
Scientiﬁc Instruments, Watford WD19 4BX, England) at a vacuum of
approximately 1×10−7 mbar and a temperature of 111 K. Samples
were unidirectionally shadowed at 45° using 1 nm Pt/C and supported
with 12 nm of carbon deposited normal to the sample. The sample was
rotated while coating with carbon.
Replicas were cleaned as in Suzuki et al. (2008) by ﬂoating onto
SDS-digestion buffer (15 mM Tris–HCl, 2.5% SDS, 20% sucrose, pH 8.3)
and incubated at 121 °C for 30 min. After cooling, the replicas were
washed three times in wash buffer (25 mM Tris–HCl, 0.1% Tween-20,
139J.P. Kononchik et al. / Virology 415 (2011) 132–140137 mM NaCl, 2.7 mM KCl, 0.05% BSA, 0.05% NaN3, pH 7.4) and
blocked in blocking buffer (5% BSA in wash buffer) for 30 min. After
blocking, replicas were transferred to rabbit anti-SV antibody NCSU66
(1:200 dilution) in blocking buffer overnight at 4 °C. Rabbit anti-V-
ATPase antibody against the C1 subunit was also used at a dilution of
1:1000 and left for 22 h at 4 °C to adsorb. Replicas were then washed
three times in wash buffer, blocked for 30 min in blocking buffer and
incubated with goat anti-rabbit IgG secondary antibody conjugated to
6 or 12 nm colloidal gold beads (Jackson ImmunoResearch, West
Grove, PA) for 1 h at room temperature. Labeled replicas were washed
again three times in wash buffer, twice in distilled water and collected
on Butvar coated 200-mesh or uncoated 400-mesh copper grids. At
minimum, three separate replica samples were created for every
condition. Each sample was able to create a replica approximately the
size of a copper grid, and most of the replica area was visualized.
Images of replicas were collected on a Philips 400T transmission
electron microscope. Stereo images were collected by tilting the stage
±4°.
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